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Abstract. The development of Cyber-Physical-Human Systems which are per-
vasive today as proposed by the Industry 4.0 vision, requires an efficient integra-
tion of the systems definition which is modelled within the Model Based System 
Engineering (MBSE) applications with the models representing the detailed de-
sign and analysis of these products, which are generally embedded in Product 
Life Cycle Management (PLM) systems. In this paper, we are presenting an over-
view of some of the important initiatives on this topic across the IFIP 5.1 com-
munity, and also projecting a future outlook based on promising new approaches 
to this emerging problem of MBSE and PLM integration.  
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1 Introduction 

Systems Engineering (SE) serves the purpose of managing systems complexity and re-
ducing the uncertainty associated with the design process. SE appeared in the mid-
twentieth century, when the system's complexity reached extreme levels in the aero-
space industry. Since then, SE found its presence and utility not only in very large cor-
porations and defence acquisition programs, but also in automotive, healthcare, energy, 
and other sectors of the economy. SE itself, as a discipline, has been extended towards 
different fields of knowledge. However, the increasing complexity of systems has cre-
ated challenges in the life cycle management of projects, integration of diagrams, re-
tention of knowledge and test planning. 

Outlined by IFIP5.1, there is a need for new approaches that “support systems that 
allow the information and data associated with products to be developed and sustained 
through the product life-cycle” [1]. This shift in development processes focus utilizes 
a more complex series of interfaces and necessitates a shift from previous dominant 
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document-based approaches for the facilitation of communication, management of de-
velopment risks, quality, process, and business productivity, as well as knowledge 
transfer. In response to this transition this paper presents a series of tools, methods and 
approaches that are enabled through an integrated model-based approach for the devel-
opment and management of artifacts and reference models.  

Potential advantages offered by MBSE and PLM integration, can include enhanced 
communications, reduced development risks, improved quality, increased productivity, 
and enhanced knowledge transfer, can be further scaled up, by increasing the level of 
automation throughout the system life cycle [2, 3]. In this way, the ability to leverage 
artifacts for decision making can be extended to larger parts of the development effort. 
However, both disciplines – MBSE and PLM – have grown to some extent inde-
pendently, whereas we hypothesize that through better integration more value to our 
understanding and practice of product/system development is possible. 

The paper is structured as follows. Section 2 reviews the trends related to digital 
engineering. To this purpose, fundamental concepts such as digital twin (DT), the V-
Model [8] life cycle diagram and data continuity are reviewed. Section 3 then details 
the overview of existing initiatives and approaches in support of a MBSE-PLM inte-
gration. Section 4 presents a discussion, conclusions, and outlook. 

2 Background 

MBSE and PLM integration is a topic that keeps on gaining momentum. In the past 
years, there has been work on how to integrate MBSE and PLM throughout parametric 
models as in [4], also how to automate trade studies using MBSE and PLM [5], how 
MBSE and PLM industrial integration is a need for mission-critical systems [6], and 
incorporation of DT technology into MBSE [7].  

2.1 Model Based Systems Engineering 

The International Council on Systems Engineering (INCOSE) defines Model Based 
Systems Engineering (MBSE) as “the formalized application of modelling to support 
system requirements, design, analysis, verification, and validation activities beginning 
in the conceptual design phase and continuing throughout development and later life 
cycle” [9]. The focus on developing, managing, and controlling system models offers 
the potential to enhance product quality, enhance reuse of the system artifacts, and im-
prove communications throughout all parts of the business and development team. 
Through the use of descriptive and analytical models that can be applied throughout the 
life cycle of a system, MBSE can reduce the time and cost to design, integrate and test 
a system, while simultaneously reducing risk and improving quality. 

Through the Systems Modelling Language (SysML) it is possible to model numer-
ous critical aspects required in the SE domain (structure, requirements, behaviour, par-
ametric). SysML, which was developed as an extension to the Unified Modelling Lan-
guage (UML), is considered a standard modelling notation adopted in the context of 
MBSE and utilized in this paper [10, 11]. Additional MBSE solutions and languages 
such as Capella and the Object Process Methodology (OPM) can be applied/supple-
mented for SysML, and in the case of OPM even integrated with SysML. 
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2.2 Digital Engineering  

INCOSE coined the term Digital Engineering [12] to characterize MBSE when com-
plemented with simulation technologies. Digital Engineering supports an integrated 
model-based approach through the utilization of digital methodologies, tools, pro-
cesses, and digital artifacts. Grieves and Vickers [13] define Digital Engineering as 
methods and tools to support the design of well-structured DTs, which are embodiments 
of both the systemic perspective and the product view. The main popularity of the DT 
paradigm came with the breakthrough of the development of big data analytics, simu-
lation technologies, and Internet of Things. The DT is a set of virtual information con-
structs that fully describes all of the information required to define, describe, and pro-
duce a potential or actual physical manufactured product, including requirements, a 
fully annotated 3D model with geometric dimensioning and tolerancing (GD&T), ma-
terial specifications, Product Manufacturing Information (PMI), etc. Rooted in SE, Dig-
ital Engineering [14] uses MBSE [15], to model the essential system characteristics 
including system requirements, structure, functions, and behaviour.  

2.3 Product Life Cycle Management 

Product Life Cycle Management (PLM) can be considered as a business strategy that 
focuses on the management of data, information, knowledge, and experience essential 
to creating and sustaining a product-centric knowledge environment throughout all 
passes of a system/product (beginning, middle and end of life) [16]. As such an inte-
grated PLM environment enables collaboration between informed decision makers by 
combining and integrating various stakeholder perspectives of a product throughout its 
lifecycle.  This collaborative information environment can be strengthened through the 
inclusion product data management (PDM) which ensures that the right information is 
received at the right time, in the right place through temporal product data evolution 
control (versioning, revision, bill of materials, etc.).  

PLM vendors have gradually added MBSE functionalities into their solutions over 
the last decade, beginning with the linking of the system design and detailed design 
phases, however the integration requires substantial improvements  to make it efficient. 
This is in part due to the still early development maturity of MBSE functionalities com-
bined with the specificity of mechanical design functions. One should remember that 
PLM systems were developed to replace 2D drafting, which has been well standardized 
more than a century ago and is still used to legally define products in most industries. 
As an example, explicit time and state representations which effectively link space and 
time properties are absent in PLM systems but are fundamental for system, software 
and electronic design and thus are critical MBSE functionalities. Many approaches 
bring together multi-domain product development, including product requirements en-
gineering, product architecture and system modelling, system simulation management, 
program planning, systems engineering, risk management and change management.  

In addition to industrial PLM solutions, open-source frameworks such as TASTE, 
DocDokuPLM and Open Services for Lifecycle Collaboration (OSLC) (Section 3.2) 
are capable of integrating many aspects of MBSE and PLM. As an open-source tool-



4 

chain for embedded software development TASTE1 was developed by the European 
Space Agency “to bring true, formal models-based Engineering into the way we de-
velop space SW” [17], which supports modelling, model analysis, code generation & 
deployment, debugging & testing, and execution platforms [18]; DocDokuPLM2, in-
cludes document management, product structure management, product configuration 
to manage alternatives, bill of materials (BOMs), process management change manage-
ment, and a platform for data visualization and documents (Word, PDF, CAD...). 

 

2.4 MBSE/PLM Integration 

According to the basis and objectives of PLM, it can be seen that spanning from the 
first ideas, feasibility studies, through the actual development, the operation use and in 
the ultimately to the retirement of the product, different engineering skills come into 
play. Depending on the system/product type there can be mechanical engineering, elec-
trical engineering, software engineering, etc. involved. Each of these engineering dis-
ciplines are “addressed using specific authoring tools, for example electrical/electronic 
CAD tools [19]. Building upon the expected advantages of MBSE development for the 
development of mechatronic products, the earlier phases should be able to rely on good 
MBSE tools, and then a seamless connection to the specific engineering authoring tools. 

Ideally, a complete tool chain should cover all necessary engineering disciplines 
(e.g., mechanical, software, electronics and electrical), with seamless data continuity 
between tools, to guarantee upstream as well as downstream functionality. Which 
means that eventual decisions made in a specific authoring tool are not only cascaded 
down to the next tool, but also back up to the MBSE tool chain to enable to study 
specific impacts on other parts of the design.  

Despite the initiatives mentioned throughout this paper, a number of obstacles ham-
per MBSE/PLM integration. Firstly, with the exception of tools commercialized by a 
single vendor, real data continuity is not guaranteed. This poses problems, as in indus-
try, typically, different authoring tools, as well as data management tools are selected 
separately, and are partly based on historical observations. Moving from one authoring 
tool to another one, while maintaining a history on what is already in production, is 
very costly and time-consuming. Secondly, developing proficiency with a new tool rep-
resents is an important investment. It should be mentioned that to connect tools between 
them may require major adaptations to the tools. Additionally, extended enterprise 
leads to the need to connect tools between different companies. Such issues, if not ad-
dressed, can lead to the necessity to re-enter information that was already entered in 
other tools, with the associated risks such as loss of coherency, introducing errors, etc. 
that could potentially lead to incoherent design decisions.  

As a result of the above-mentioned issues, the complete value and potential of MBSE 
is partially diminished. In the light of absence of data continuity and harmonization, the 
use of MBSE often remains limited diagram drawing, leaving designers to transfer the 
necessary information to other tools. 

 
1 https://gitrepos.estec.esa.int/taste/taste-setup 
2 https://github.com/docdoku/docdoku-plm 
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3 Initiatives and Approaches for Life Cycle Collaboration 

There are initiatives in a number of countries covering various approaches to support 
life cycle model collaboration and MBSE/PLM integration. We present an overview of 
important projects and initiatives which aim to foster collaboration in the field and in-
crease model-based management, control, and analysis. 
    INCOSE has a number of initiatives advancing SE theory and practice, one of them 
is the working group “Digital Engineering Information Exchange” (DEIX WG). Its fo-
cus is on the digital artifacts (DA). DA is a digital form of information content that a 
digital engineering ecosystem produces and consumes by generally following the SE 
life cycle's process areas as defined in ISO 15288 [20]. DA provide “data for alternative 
views to visualize, communicate, and deliver data, information, and knowledge to 
stakeholders”, in order to make informed and evidence-based decisions.  

3.1 Business Process Modelling Notation 

Through the efforts of the Object Management Group (OMG) the Business Process 
Modelling and Notation (BPMN) has been introduced to support the formalization of 
the Business Process Model (BPM) layer that offers a common unified visual language 
capable of defining the interactions amongst and between processes and organizations 
that make systems at the context and/or operational scenario analysis level [21]. Col-
laboration between BPMN during the concept of operations (CONOPS) phase provides 
businesses with the comprehensive capability of understanding development and busi-
ness procedures through a graphical notation and give organizations the ability to com-
municate these procedures in a standard manner. Furthermore, life cycle model collab-
oration can enhance the performance, collaboration and business transactions between 
people and business entities necessary for a product-centric knowledge environment. 

Integration of MBSE and BPMN is capable of increasing life cycle capabilities 
through increased abstraction and automation, ensuring that relevant artifacts, func-
tions, and elements align with stakeholder needs [10, 11]. The technical system model 
(MBSE) and organizational model (BPM), enable improved complexity management, 
communication, and process controllability throughout the entire [22]. The automation 
layer through this abstraction is able to reflect on different BPMN models (Pro-
cesses/Orchestration, Choreographies, and Collaborations) that connect distinct pro-
cesses within the organization, facilitating the conversion and coordination of work-
flows. Through this graphical notation BPMN is capable of providing a comprehensive 
view to the system or business models in relation to one another.  

3.2 Open Services for Lifecycle Collaboration 

Through open formal modelling languages and standards, such as Modelica [23], 
Functional Mock-Up Interface (FMI) [24], Structure and System Parametrization (SSP) 
[25], etc., a growing interest in open-source tools that allow collaboration and shared 
access to information appeared. Modelica, as well as Acumen [26] or Bloqqi [27] are 
widely used, open-source and mature industrial language. The Modelica Association 
complements its solutions with machine learning frameworks [28] and continuously 
improve support for the FMI, enabling models exchange between tools. 
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Another initiative in line with the purpose of INCOSE towards tools integration is 
OSLC [29]. OSLC consists of specifications designed for different integration scenar-
ios to make vendor-independent heterogeneous tool integration easier. The standard is 
built on web standards for communication and ontology definitions. The OSLC speci-
fications consist of an OSLC Core specification, and a set of Domain specifications. 
The OSLC Core specification defines basic concepts and rules for integration method-
ologies and ensures consistency among different domain specifications. In turn, OSLC 
domain specification focuses on specific life cycle topics such as requirements man-
agement, change management, configuration management, architecture management, 
etc. [30]. It has also been recently proposed to improve OSLC through the CONEXUS 
tool, using category theory as a basis for database integration [31]. 

 

3.3 System Architecture Definition 

Every system or product has an architecture which defines fundamental relationships 
between and within its elements during the high-level design phase. The system archi-
tecture is defined iteratively, in a series of decision-making activities [32] in which 
stakeholders, system architects, project managers and designers play a crucial and in-
tegrative role. Focusing on the upper-left side of the V-Model, the architecture includes 
feasibility study/concept exploration, concept of operations, system requirements, and 
high-level design. Nowadays, the system architecture definition tends to be realized 
through model-based approaches.  

System architecture is “the embodiment of concept, the allocation of physical/infor-
matic function to the elements of form, and the definition of relationships among the  
elements and with the surrounding context” [33]. Concept is a critical entity, as it ra-
tionalizes the architecture and maps function to form. Additionally, the presence of re-
lationships amongst elements, and interfaces between elements, can be established ac-
cording to subsystems, or departments and units within the organization.  

3.4 Detailed Domain Specific Digital Engineering 

Detailed engineering within different domains (bottom of V-model) requires the con-
sistent use of standards throughout different digitalization fields and levels, to ensure 
the exchange of information in cross-company based cooperation. Customers and sup-
pliers require digital representations (models) of components and systems, for geometry 
and product structure. JT (ISO/DIS 14306:2017) and STEP AP242 (ISO 10303-
242:2020) are the most advanced standards in this context. As companies move from 
traditional paper-based workflows to MBSE, STEP AP 242, is the most commonly used 
file format for CAD interoperability with downstream departments, suppliers, subcon-
tractors, and customers. STEP AP 242 includes PMI such as GD&T, BOM and other 
meta information, as well as references for part or assembly design and measurement. 
It comprises all the features of AP203 (ISO 10303-203:2005) and AP214 (ISO 10303-
214:2010), and additionally contains features such as semantic 3D PMI, 3D shape qual-
ity and 3D design with parametric/geometric constraints. Therefore, it is particularly 
suited for the exchange of product and assembly structure data with external references 
to geometry files (regardless of file format). Based on merging of standards from PLM 



7 

(different STEP Application protocols) and SE (ISO/IEC 15288, ISO/IEC/IEEE 12207, 
ISO 10303 - STEP AP233 (ISO 10303-233:2012) and new AP243 (ISO 10303-
243:2021), an added value proposal for DT standardization is under development, also 
associated with the Product Lifecycle Management ATLAS Program 3. 

3.5 Verification & Validation 

The development of increasingly complex products and their functions requires the use 
of MBSE methods and advanced simulation and testing capabilities for a variety of 
applications. Simulation-based decision making and release of complex systems in col-
laborative development scenarios between partners is gaining significant importance in 
industry. The current trend shows that the utilization of simulations exceeds physical 
tests for verification and validation purposes due to the cost and general flexibility of 
the solution. The quality of the simulation results and their traceability throughout the 
entire development process is essential. 

While multiple options exist, OpenModelica4 was identified as one solution capable 
of integrated large-scale modelling, simulation, optimization, model-based analysis 
[34, 35]. In order to achieve interoperability among different behaviour modeling tools, 
the FMI standard defines the Functional Mock-Up Units (FMU) as a container and an 
interface to exchange dynamic models or to perform co-simulation or scheduled exe-
cution of simulation models. When exchanged, FMU metadata and FMU structural in-
formation are exchanged as well. The ProSTEP iViP Simulation data management (Sim 
PDM) recommendation [36] provides integration guidelines of simulation data in PLM 
environments and defines communication processes between simulation data manage-
ment systems (SDM system) and CAE systems. Additionally, ProSTEP iViP “Smart 
Systems Engineering Behaviour Model Exchange” [37] describes a comprehensive and 
representative spectrum of the exchange of behaviour models particularly for the use 
case of joint SE development network between the contracting entity and the supplier. 
As a complementary development, the Simulation Model Meta Data (SMMD) specifi-
cation, under development, defines a data file format as a consignment note to FMUs 
to integrate FMU exchange processes into PLM [38]. The Automated Functional Data 
FDX recommendation describes a data model and format for the standardized and trace-
able exchange of functional data and relevant, associated metadata. 

4 Discussion, Conclusion and Outlook 

The importance of the traceability and reproducibility of models and simulations, as a 
major task in the development process of increasingly complex products, requires the 
integration of MBSE and PLM as seamless as possible; since the importance of deci-
sions derived from modelling and simulation is also growing. 

 
3 ATLAS is related also to the new ISO 23247-2021 or IEC 62832:2020 for the specific smart 

manufacturing field https://plmatlas.com/ 
4 https://github.com/OpenModelica 
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The basis for a system architecture definition is set by requirements. Requirements 
information can be exchanged through the transmission of Requirements Exchange 
Format (ReqIF)-compliant XML documents at a systems level for general architecture 
definition and requirements management [39]. Collaboration between partners is en-
hanced by the benefits of applying such methods across organizational boundaries. 

As discussed in Section 3.4, core PLM issues with respect to geometry, shape and 
part definition and digital thread are supported by AP242. It covers the entire develop-
ment process from the detailed design stage until the end of production development. 
This well aligned standard integrates with existing solutions for life cycle support, with 
minimal migration disruption. It can additionally replace paper-based processes with 
3D master models since it contains information normally found in technical drawings, 
according to a semantic PMI. Product data and non-geometric metadata are represented 
by AP242, as well as simulation. It enables the description of kinematic structures (e.g., 
connections, articulations, pairings, movements). Links from the kinematic structure to 
CAD parts can be established by external references.  

While the benefits of BPMN and MBSE integration have strong practical value for 
PLM, it should be acknowledged that there remains at present a comparatively large 
modelling effort required for MBSE and BPMN. The integrated knowledge and process 
information facilitated through this integration will allow for a broader and more com-
prehensive view of all operations/activities, facilitating enhanced decision making. The 
expected improved integration of diagrams through intelligent operations will be fun-
damental to changing how businesses go about their entire engineering processes [40]. 

INCOSE defines some avenues for the future of SE: it is a model-based environment, 
with an increasing emphasis on AI powered by “large data sets and expert’s domain 
knowledge” [39]. In this way, there will be a further development of systems engineer-
ing methods and tools based on established science and mathematics. 

In MBSE, data are quantitative and qualitative variables that characterize an artifact 
(e.g., product or service) to be designed in terms of its specific requirement, constraint, 
functionality, behaviour, structure, etc. Data acquisition and processing is applicable to 
many activities in product development, such as interpretation of customer opinions, 
market information, customer needs and competitive benchmarking, identification of 
dependencies. Data in the context of data driven engineering is characterized by high 
volume and variety, which leads to the requirement for special tools and procedures. 
Data science provides approaches, algorithms, and technologies to gain knowledge, un-
derstanding and intelligence based on data. The product life cycle can be looped back, 
products already produced and sold provide data that can be used to design the next 
generation of products. The concept of DT, encompasses information, models, and data 
from all phases of the life cycle, is an important enabler for Data-Driven Engineering. 

The next steps for integrating MBSE and PLM in a common digital backbone will 
certainly be involving DT and its various applications. According to [3] and [4] key 
enabling technologies are needed to be associated and merged to provide a real and 
effective solution to support DT. In the classical architecture of DT based on Virtual 
models, Physical entities, and Services, MBSE and PLM clearly allow the consistent 
storage, management, and integrity of DT data. Then, one of the biggest issues under 
process by academics and industrialists is the connection and integration with physical 
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assets and service operations. Some developments with Internet of Things, Cyber-Phys-
ical Systems [11], and Servitization are promising but still require scaling before it will 
be possible to transform research concepts into viable enterprise and business solutions.  
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